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SELECTED NONDESTRUCTIVE ASSAY INSTRUMENTATION
FOR AN INTERNATIONAL SAFEGUARDS SYSTEM
AT URANIUM ENRICHMENT PLANTS
J. W, Tape, M. P. Baker, R. Strittmatter,
M. Jain, and M. L. Evans
Los Alamos Scientific Laborato:y
Los Alamos, New Mexico

ABSTRACT

A selected set of nondestructive assay
instruments for an international safeguards system at
uranium enrichment plants is currently under
development. These instruments are of three tvpes:
in-line enrichment meters for feed, product, and tails
streams; area radiation monitors for direct detection
of high-enriched uranium production, and an enrichment
meter for spent alumina trap material. The current
status of the development of each of these instruments
is discussed, with suppo-ting data, as well as the
role each would play in a total internationel
safeguards systenm.

I. INTRODUCTION

Uranium enrichment plants, like chemical separation
facilities, are unique in the nuclear fuel cycle in that they
change the strategic value of the nuclear materials that thev
process. The issues surrounding international safegquards for
reprocessing plants have been extensivelv discussed during the
past few years and, as is well known, there is not universal
agreement among nuclear nations about the role of spent fuel
reprocessing in the commercial fuel cycle. Enrichment plante,
on the other hand, have not been in the nrews nearly so much (at
least until this spring) and it is generallv agreed that
low-enriched uranium (LEU), produced by some kind of isotope
separation facility, is necessary for a larqge=-:rile commercial
nuclear power capability. 1In the past, most users of LEU have
directly or indirectly purchased "enrichment :ervices" from the
few suppliers with isotope separation plants; however, in the
near future it is expected that some nations may atterpt te
ensure their own sYpplies of enriched uranium by obtaining
enrichment plants. For these reascns enrichment plant
safeguards is expected to become a greater concern of the
international safeguards community.

Although a number of new techniques for separating araniur
isotopes on a commercial scale are being develeopecd throuchout
the world, in the next few years the bulk of thte world'=
ceparative capacity will etill he in gaseocurs diffusicn vlante,
Howvever, magy new facilities will prohabhly usem cos crntriuce
t2chnology. '2 The increased use of centrifuaes to epri
nranium increases the problems associated with™ srfeanar™ e
orrichment plantes, and the rafeauarde siratecias and

DISTRIBUTION OF THIS DUCUMENT 18 UNLIMITED



instruments discussed here are designed to be applied to a
large-scale centrifuge facility.

An international safeguards system at an enrichment plant
can use three primary strategies: material accounting on the
declared feed, product, tails, and waste streams of the
facility; containment and surveillance methods to ensure the
validity of the accounting Jata obtained at the key measurement
points; and methods that involve the direct detection of the
production of high-enriched uranium (HEU). The first two
stratagles are applicable to detecting diversion of either LEU
or HEU and the third is obviously intended to directly detect
the use of scme part or all of the separative capacity of the
plant for the production of weapons-grade uranium. The
application of these three strategies to safequarding a
centrifuge facility is both more difficult and at the same time
more important than their application at a diffusion plant.
Large separative capacity centrifuge plants are relatively easy
to reconfigure for the production of HEU, and once reconfigured
they can begin producing top product in less than one day.
Furthermore, the technology surrounding the centrifuge process
is highly protected for reasons of national securityv,
nonproliferation, and/or commercial advantage, and plarnt
operators have been reluctant to allow international inspectors
inside the cascade halls of their facilities. The application
of effective international safeguards at a centrifuge plant is
a difficult but, we feel, not impossible task; one that has
potential technical solutions.

The instruments and methods described in the next section
can be viewed in part as having application to all three of the
safequards strategies for enrichment plants; however, their
primary functions are in the areas of material accounting and
direct detection of HEU production. Contalinment and
surveillance technigues such 28 personnel and vehicle monitors
have been reported elsewhere. '3

II. SAFEGUARDS MEASUREMENT PRINCIPLES ANC PRELIMINARY RESULTS

The Los Alamos Scientific Laboratory (LASL) safeguards
technology group (Q-1) is cur:rcntly developing three different
instruments as a part of the Department of Energy (DCE) program
to develop a comprehensive safeguards system for enrichment
plants; a gas phase enrichment meter, an alumina trap material
enrichment meter, and a large arrav of neutron detectors to
monitor the enrichment of a facility's gas phase inventorv.

A. - The Gas Phase Enrichment Meter

In-line enrichment meters in the feed &nd withdraweal (F/t)
hmilding of a centrifuge plant cen provide an essentially
continuous monitor of the enrichment cof the UFg Ftream
flowino into and out of the process. The enrichment “ata, vhen
combined with on-line weiaghts for the feecd, nreduct, and tnilr




cylinders, yield a real-time dynmrmic material balance for the
plant. Although the accuracy of the in-line accountability
data cannot compete with the accuracy of conventional off-line
eampling and weighing data on a measurement-for-measurement
basis, the 100% sampling and the timeliness cf the in-line
meter data make it valuable when applied to centrifuge plants.
In-line mcnitors can be considered to be components of both
material accounting as well as containment and surveillance
systems.

An in-line enrichment meter for liquid UFg product has
besr Jeveloped and successfully oeerated at the Goodyear Atomic
(GAT} diffusion plant since 1973. This instrument, which
meacures a liquid stream at 3% enrichment, employs the
gamria~ray enrichment principle and a NaI(Tl) gamma-ray detector
and electronics system. It is possible to measure the
enrichment of liquid UF. streams of any assay usina this
general technique 1if thg NaI detector is replaced by a
higher-resolution Ge detector.

Feed streams at enrichment plants are typically in the cas
phase, and the enrichment principle employed in the GAT product
monjtor will not work unless a large thickness of gas is
assayed@ (>1m)j; however, the gas phase enrichgggt can be
Cetermined by combining measurements of the U
concentration and the uranium concentration in the aas.

The 235y concentration is Eglated to the intensity of
186-keV gamma rays emitted by SU as measured by a gamme-ray
detector that views a fixed volume of the UFg gas. The
relationship between the enrichment, I, and the 186-keV
gamma-ray count rate is given by the formula:

I = R(186) CF (1)
p k '

where R(186) is ths measured count rate, CF ig the attenuation
correction factor,’ p is the density of UFg. and k is a
calibration constant. The attenuation correction, which
accounts for the scatterinc and@ abscorption of gamma rave in the
gas, is a function of the elemental composition and densitv of
the qas.

For UF,_. it is possible, in principle, to calruats Frth the
attenuatioﬁ correction and o from temperature and presgu-c
measurements8; however, the measurement of the attenuation of an
external source of gamma ravs transmitted throuch the cars
rrevides a more independent means of detervininc thnee
caantities and thereby determinina I frem F7. (1),

J. €. Bailey at Oak Ficre® kag measured the IRA=int
counting rate as a function o the pregsure of Uit car ¢ ocvroar



external 235y gource to determine the attenuation correction
factors. We are developing an in-line gas-phase enricgwfnt
meter, shown schematically in Pig. 1, that employs an Am
transmission source to determine both the UFg 985 density and
the attenuation correction factor. The 60-keV 441lam
gamma-ray source has the advantage over the external 235U
source used by Bailey tygg it is easily resolved from the
186-keV gamma ray from U and consequently it can be
measured simultaneously with the 136-keV gamma ray.

Construction of a prototype instrument is not yet complete;
however, we expect to be able to measure gas phase enrichments
over a pressure range of approximately 200 to > 1000 Torr. The
major problem associated wiig this method is likely to be
background gamma rays from 8y daughters and 235y absorbed
on the inside surface of the measurement chamber. The current
design employs a NaI(Tl) gamma-ray detector and a
computer-based multi-channel analyzer (MCA) to acquire ihe
counting data as well as temperature and pressure data for the
UFg gas. We are planning "proof of principle™ experiments to
determine the accuracy of the enrichment measurement as a
function of gas density.

B. The Trap Material Enrichment Meter

The trap material enrichment meter is desifned to
indirectly detect HEU production by screening outgoing alumina
trap material for enrichments greater than the declared top
product of the faciiigy. It can also possibly provide
information on the U content of the trap material for
material balance purposes.

A number of assay techniques might provide the data
required for the enrichment measurement of relatively
low-density uranium-bearing waste. The thermal neutron
coincidence counter method described below has heen chosen
because of its simplicity and the relative ease with which the
instrument can be scaled in size to match the trap material
containers in use at a particular facilitwv.

Compounds of uranium and fluorine emit neutrons from twe
sources; spontaneous fission neutrons and (a,n) reactiens in
vhich an alpha paigicle from the decay of a uraniran nucleus
interacts with a F nucleus and emits a neutron. The ia,n)
neutESEn are essentially all produced by the decav of 234y
and U while spontaneoug Eiss{on neutrons arise almest
solely from the decay of 438U nuclei.? (It ehoul@ be noted
that ggr recycleé uranium in compounds with fluorinre the =°-U
and 230U components presenrt may contribute sionificantly te

the neutron production rate.)

Since neutrons from fission are emitted simultaneous’:,
nroincidence counting techn:cues mav be used tr dickinouisk
~etween neutrons producec from !,n) reections and thosr



resulting from spontaneous fission. The measurement of the
ratio of the total neutron counting r:te (Ng) to the
coincident neutron counting rate (N¢, from a uranium=-fluorine
compound can then yleld an approximate determination of the
uranium enrichment Bsgvided the following assumptions are
satisfied: 1) the U (a,n) resg&ions dominate the total
neutron production (Np), 2) the U spontaneous fission
neutrons dog;nate the coincident neutron production (Ngp),
and 3) the U-to-235y ratio does not vary widely.

Figure 2 shows the calculated total and spontaneous fission
neutron rates and their ratio (Np/NsF) as a function of
5U enrichment (I) assuming a constant 234y/235y ratio

of 1/125. The values for Ny and N were calculated for 5-kg
masses. The ratio is not only a strongly increasing function
of increasing enrichment, but is also indepencdent of cample
mass. Thus, an instrument that measures both total and
coincident neutrons can give a measure of enrishment from the
ratio of counting rates, ang g measure of the 4U mesc (and
indirectly the approximate U mass) from the total neutron
counting rate,

A thermal neutron coincidence {Hell) counter with a
shift-register electronics package can probably screen the
enrichment of trap material samples as large as 55-gal drums
using the principles discussed above. The "proof of principle"
measurements were performed using a standard-size well counter
(~104) and small samples containing uranium-fluorine
compounds. In the first of these measurements, eight 1S
cylinders of UFg obtained from Goodyear Atomic Corporation
(GAT) covering an enrichment range of 0.2-97,6% were analyzed.
The measured ratio (Np/Nc) for these samples is shown in
Fig. 3 as a function of enrichment for various well-counter
liner materials. The measured results hehave as expected for
enrichments up to about 20% where ti..2 ratio reaches a maximum
and then actually decreases.

The deviation of the ratio behavior above 20% errichment is
due primarily to (a,n) neutron-induced fission of the 233U in
the samples. 1In the simp%e plcture of Fig. 2, ccincident
neutrons arise only from U spontaneous fissions and the
expected coincidence neutron countinag rate per cram of uranium
decreases as the 235U content increases. The acfdition ~*
colncident neutrons frcem Induced fissions actually results in
an increase_in the coincidence counting rate as » funcion of
increasing 235y enrichment for these UF cylinders. A
cemiempirical formula, in which the induced fission comnonent
nf the coincldence counting rate is taken as prenertiocnal o
the product of 234y ana 235y masses jn the sa=wple~, Tiks
*ha observed data adequately.

Mepsurements of alumins frap material samnicue, din e Tot o0
uranium is. widely disperzed, ars not expuctes’ to oextingt 0 T



(a,n) multiplication effect to as large a degree as the
measurements of the more compact UFg cylinders described
above. Nevertheless, it is valuable to use the UFg samples

as a "worst case" situation and attempt to minimize the
multiplication effects. Such atteinpts necessarily must focus
on the materials that line the cavity of the well counter since
induced fissions that occur prior to the escape of the
initiating neutron from the sample can only be affected bv
changes in sample geometry or composition. Figure 3 shows the
measured results for Nm/Nc for no liner, a Cd liner, and a
liner made up of Cd ang boral. Although the changes are not
dramatic, discrimination between typical product enrichments
(~3%) and higher enrichment values appears to be improved for
the Cd-boral liner.

A second series of well-counter measurements (using no
special liners) was made on six samples of alumina trap
material obtained from Union Carbide and Goodyear Atomic. The
uranium contained in these samples had three enrichments in the
range °~ . 2%-17% and weight concentrations of 1% and 4%. Each
sample (14-15 kg of alumina), which was the content of one full
trap, was split into two or three smaller samdles that were
compatible with the sample cavity of the well counter. The
measurec ratio (Np/Nc) is shown in Fig. 4 and again shows e
sizable increase with increasing enrichment. The counting rate
ratio at a given enrichment was independent of the uranium
loading with the possible exception of the 17% enrichment traps
where a small multiplication effect may have been observed.
Thus, for these sample sizes and uranium loadings, this
technique can clearly be used to "flag" high-enrichment
material.

C. Neutron Emission Monitoring Technigque (NEMTech)

One of the primary goals of an enrichment plant safeguards
system should be the ability to directly detect the productinn
of HEU by that facllity. This is especially true for
centrifuge plants where process equilibrium times can allow for
the production of significant quantities of HEU in a short
period of time. Material accounting methods and containment
and surveillance techniques provide major deterreats to HEU
production by monitoring the flow of uranium into and out of
the plant; however, if these measures are defeated by some
means the operator can divert all or part of the separative
capacity of his plant to HEU production with little chance cf
being detected while the operation is in progress, Instrumonte
such as the trap material enrichment meter can provide valuakle
evicdence of HEU production, but the information mav not Fre
timelv enough fer international responce. Deteckters thet couild
Airectly monitor the operation of enrichment cass~cdes, e
under conditions of limited inespector access «r nc access Lo
the caccades, would be extrer 'v valuahle arfditicons to oo
totzl safeguards system.




Area radjation monitors have the potential tec detect
production of HEU, as both the gamma-ray and neutron-emission
rates from UF6 increase with increasing enrichment (see
Fig. 2). The poor penetrability of the primary gamma rays from
uranium tends to rule out the use of gamma detecters for area
radiatiorn monitors. Neutron detection schemes have a dual
advantage in that the radiation penetratec matter relatively
easily (and thus is difficult to shield) and the monitors can
be made up of large arrays of simple detectors.

Field measurements of neutron-emission iites in and around
gaseous diffusion plants reported by Walton show that the
neutron intensity inside a diffusion cascade does reflect the
operation of that cascade. Monitoring centrifuge cascades is
much more difficult because the smaller gas phase inventory of
the centrifuge process as compared to the diffusior process
results in a smaller signal and poorer signal-to-background
Satio. In principle, large arrays of polvethvlene-mocerated

He neutron detectors could be deployed either inside the
cascade halls (under conditions of limited inspecter access to
those areas) or on the facilitv roof. Each detector in the
array monitors the neutron emission rate, and therefore the
average enrichment of the UFg, over a limited reaion of the
cascade area. If the average enrichment over the area viewed
by a detector (or group of detectors) increases, the
detector (s) count rate will increase as compared to other
detectors in the array that are viewing normal operation.

Although NEMTech is very attractive on paper, many acspects
of the method neeé to be proved prior to its application at a
centrifuge plant. We are currently undertaking computer model
studies of centrifuge facilities with detector arravs placed on
the roof and inside the rascade to try to determine if the
arrays have tlie basic sensitivity to detect various HEU
prcduction schemes. The results of a very simple model are
shown in Fig. 5. 1In_this model detectors #1 and #2 each have
an active area of 1m? and an average efficiency fer detectina
neutrons of 10%, Each detector is placed cn the roof cof a
coparate 2100-m“ cascade building with a gas phase inventoryv
of 40 kg. The detectors are isolated from each other so that
there is no cross talk. The background rate in each cfetector
is taken tec be equal and constant at 500 counts per minute
(cpm). Detector #1 always views a gas volume with &#rn averzae
enrichment cf 0.7% while the enrichment viewed by Detector =2
variees from 0.7% to 15%. Fia. 5 shows the differcnce ir the
total counts accumulated by the twe detectors, for 20-min &nf
1-h count t:mes, 2e a function of the enrichmert viawed v
Deatector #2, The "measurements" are Ffominsted bv Ltie
Lackaround: however, ever in 2 20-min count time tie Lol 7
~~unts accumulated bv Detector £2 vimvirg 107 enrvigiioent o7
tihwose detected by #]1 bv rore than twe stanfard ceviat’ornr, T
mrrumed hackaground rate is kezed on rates moacured b
cartialded detectors arouns rn o enernting s fetyon)

“



can possibly be improved by the use of shielding. On the other
hand, background rates may fluctuate from one detector location
to another and thereby complicate this monitoring scheme. 1If
the results of the computer simulation studies continue to be
encouraging we will build an experimental array of detectors
for field test and evaluation.

III. CONCLUSION

The three instrument systems described here represent only
a part of the efforts at LASL and elsewhere to develop the
components of an effective international safeguards system for
large-scale centrifuge enrichment plants. Many questions
remain to be answered in this program, ranging from the
technical feasibility of some of the proposed methods, such as
NEMTech, to the effectiveness of any given integrated
safeguards system in detecting or deterring the diversion of
either LEU or HEU at a centrifuge facility. WWe anticipete that
some of the unanswered technical questions relating to the
three methods dicussed in this paper will bte resolved during
the next year's research and development activities and that
these instruments will then be extensivelyvy tested in the field
under realistic operating conditions.
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FIGURE CAPTIONS
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Conceptual design of a gas-phase en5 ghment meter. The
intensity of gamma rays emitted by and the
attenuvation of gamma rays transmitted through UFg gas are
ngsured ‘and the resulting data are used to calculate the

U enrichment, as described in the text.
Neutron emission rates for a 5-kg mass of UFg yg 235y
enrichment. The dot-dashed curve labeled Np is the total
number of meltrons emitted per seconé. The dashed curve
labeled Ngr is the number of spontaneous fission neutrors
emitted per second. The solid curve is the
{(mass~independent) ratio of total reutrons emitted to
iggntaneous fission neutrons emitted. A constant

5U ratio of 1/125 has been asstmed.

Thermal neutron coincidence counter data for 1S cvlinders
of UFg. The ratic of total neutrng ccunts to ceincidenrca
counts (Nq/Nc) is plotted vs *he 50 enrichment of
the samples for various coinc.:lence counter liner materizls.
Thermal neutron coincidence counter cdata for elumirc = ipr
material standards loaded with 1% ancd &% UFe b weicht, ™o
ratio Np/No {s plotted as a function cf the I35y
enrichment of the contained uranium,
> ve the average enrichment viewed hv Detect~~ 22, . i~
the difference in accumulated counis cohsarved in Su-
detectors placed@ on the reccf-tops of twe seprrate <& r
rentrifuge enrichment cascades. Tha avarsne rnvich-cer oo
the gas phase inventecrv viewed bv Dctector #1 I ol
the enrichment of the gag +vieowed bhv Datontns 1 oae
7.7% to 15%.
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